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Truly complex, engineered systems, known as Cyber Physical Systems (CPS), are 
becoming increasingly common. CPS emerge from the networking of multi-physical 
(mechanical, electrical, hydraulic, biochemical, .) and � computational (control, signal 
processing, logical inference, planning, ...) processes, often interacting with a highly 
uncertain environment, including human actors, in a socio-economic context.

Context: Engineering of CPS



“Model” Features1973
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Model
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System under Study (SuS) vs. Appropriate Model



A Valid Model is an Appropriate Model



properties of interest

validity “frame”

e.g., Modelica Library

purpose: substitutability (engineering), explainability (science)

properties of interest



Substitutability (wrt PoI) … but …. 
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Model execution 
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numerical errors



  

A Resistor Model’s Validity Range

https://msdl.uantwerpen.be/cloud/public/fcfc42

https://msdl.uantwerpen.be/cloud/public/fcfc42


W. Oberkampf, C. Roy. Verification and Validation in Scientific Computing. Cambridge University Press, 2010.



Inferred Concrete (In)Validity Frame 

Johan Cederbladh, Loek Cleophas, Eduard Kamburjan, Lucas Lima and Hans Vangheluwe. Symbolic Reasoning for Early Decision-Making in Model-Based 
Systems Engineering . In the 1st  Workshop on Model-based Systems Engineering, MoDELS 2023.



Concrete Validity Frame 

must be modelled, managed, 
extended, evolved, re-used, ...
Experiments (architecture and worklow):

Repeatable
Replicable
Reproducible

Validity vs. Accuracy vs. Fidelity …



  

A Resistor Model’s Validity Range appropriate 
language?



Most Appropriate Abstractions



Distributed parameter          Lumped parameter

Different abstractions
(same or different formalisms)



● For performance
(scale-ability)

● For insight





e.g., surrogate model



Most Appropriate Notations



Communication Theory



``Physics'' of NotationsSemantic Transparency: semantically perverse symbols



https://diagrams.net (to build a “poor man’s” DSL)

https://diagrams.net/


Most Appropriate Formalisms 

syntax and semantics



  

Carreira P., Amaral V., Vangheluwe H. (eds) 
Foundations of Multi-Paradigm Modelling for Cyber-Physical Systems. Springer. 

https://doi.org/10.1007/978-3-030-43946-0_2

https://doi.org/10.1007/978-3-030-43946-0_2




WEST: modelling biological wastewater treatment.
Henk Vanhooren, Jurgen Meirlaen, Youri Amerlinck, Filip Claeys, Hans Vangheluwe and Peter A.Vanrolleghem. Journal of Hydroinformatics 5 (2003) 27-50

http://scholar.google.com/scholar?oi=bibs&cluster=2149270492958540094&btnI=1&hl=en


http://www.mikebydhi.com/products/west

http://www.mikebydhi.com/products/west


Metrics?







most appropriate level of deployment



Model-Based System Design

Simulation
Deployment

Testing



XiL: X = Model, Software, Processor, Hardware

vertica
l  

co n
si sten

c y!

Ken Vanherpen. A contract-based approach for multi-viewpoint consistency in the concurrent design of cyber-physical systems. PhD thesis University of Antwerp. 2018. 

EPSim



kinds of models that always belong together

”ProMoBox” 





Designing Requirements/Property Languages

DesignDesign PropertyProperty⊨

B. Meyers, R. Deshayes, L. Lucio, E. Syriani, H. Vangheluwe, and M. Wimmer. ProMoBox: A Framework for Generating Domain-Specic Property 
Languages. In  Software Language Engineering (SLE), Vasteras, Sweden, LNCS vol. 8706, pp. 1- 20. Springer. September 2014.



Designing Requirements/Property Languages

DesignDesign PropertyProperty⊨

B. Meyers, R. Deshayes, L. Lucio, E. Syriani, H. Vangheluwe, and M. Wimmer. ProMoBox: A Framework for Generating Domain-Specic Property 
Languages. In  Software Language Engineering (SLE), Vasteras, Sweden, LNCS vol. 8706, pp. 1- 20. Springer. September 2014.



Designing DS Requirements/Property Languages

DesignDesignPropertyProperty InputInput RuntimeRuntime TraceTrace

.ltl.ltl
.trail.trail

.txt.txt

.pml.pml SpinSpin

[[.]][[.]]

DSM

B. Meyers, H. Vangheluwe, J. Denil and R. Salay, "A Framework for Temporal Verification Support in Domain-Specific Modelling," 
in IEEE Transactions on Software Engineering. doi:10.1109/TSE.2018.2859946



Most Appropriate Combination of Formalisms:

architectures  









Formalism Transformation Graph (FTG)
Bran Selić: “fragmentation problem”



Formalism Transformation Graph (FTG)

Hans Vangheluwe and Ghislain C. Vansteenkiste. A multi-paradigm modeling and simulation methodology:
Formalisms and languages. In European Simulation Symposium (ESS) , pages 168 – 172. Society for Computer Simulation International (SCS), 
October 1996. Genoa, Italy.

Caveat: proving semantics/property 
preservation of a single transformation 
(denoted by a blue arrow) may take at 
least one PhD thesis!



Formalism Transformation Graph (FTG)
co-simulation

Cláudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, and Hans Vangheluwe. 
Co-simulation: A survey. ACM Computing Surveys (CSUR) , 51(3):49:1-49:33, 2018.



Most appropriate Views





E. Guerra, P. Diaz and J. de Lara, A formal approach to the generation of visual language environments supporting multiple views. 2005 IEEE Symposium on Visual Languages 
and Human-Centric Computing (VL/HCC'05), Dallas, TX, USA, 2005, pp. 284-286, doi: 10.1109/VLHCC.2005.6.







  





consistency across domains



Appropriate (and explicitly modelled) Workflow



Deployment/Design-Space Exploration 

EPSim



  

28 different  modelling formalisms

50 transformations

FTG+PM: An Integrated Framework for Investigating Model Transformation Chains, 
Levi Lúcio, Sadaf Mustafiz, Joachim Denil, Hans Vangheluwe, Maris Jukss. 
Proceedings of the System Design Languages Forum (SDL) 2013, Montreal, Quebec. 
Lecture Notes in Computer Science (LNCS), Volume 7916, pp 182-202, 2013. 

FTG+PM (Process Model) 



88

Line Following Robot
(for Twinning research) 



Initial Version
(Bang-Bang Controller with Centered Sensor)

Design Iterations

“fixed” Version
(Bang-Bang Controller with Offset Sensor)

“working” Version
(Tuned PID Controller with Offset Sensor)



Meta-Models
Formalism Transformation Graph
Process Model
Process Trace
Storage, Services, Real-World Artifacts

(MM)
(FTG)
(PM)
(PT)

(S/S/RWA)

MM+FTG+PM+PT+S/S/RWA
aka FTG+PM++

R. Paredis, J. Exelmans and H. Vangheluwe. 
Multi-Paradigm Modelling For Model Based Systems Engineering: Extending The FTG + PM. 2022 Annual Modeling and Simulation Conference 
(ANNSIM), San Diego, CA, USA, 2022, pp. 461-474, doi: 10.23919/ANNSIM55834.2022.9859391.



Process Model



Formalism Transformation (R) Graph



Meta-Models



Formalism Transformation (R) Graph



Activity Contracts



Process TraceProcess Model



Adapters (Storage, Services, Real-World Artifacts)



Adapters (Storage, Services, Real-World Artifacts)



  
https://intercax.com/products/syndeia/ 

Federation (cfr. HLA)

Digital Thread

https://intercax.com/products/syndeia/


  
https://openflexo.org/

Sylvain Guerin

https://openflexo.org/
https://fr.linkedin.com/in/sylvain-guerin-a8175453


Types of Traceability (enabled by “model management”)

 Traceability linking experiment and system
 Traceability across artifact versions (and process model)
 Traceability based on properties of interest
 Traceability between artifacts on different levels of detail
 Traceability between instances and types
 Fine-grained traceability between artifact elements
 ...



  



  Joachim Denil

https://www.uantwerpen.be/nl/personeel/joachim-denil/
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